Abstract -Experimental liquid-liquid equilibria of the water-acetic acid-butyl acetate system were studied at temperatures of 298.15±0.20, 303.15±0.20 and 308.15±0.20 K. Complete phase diagrams were obtained by determining solubility and tie-line data. The reliability of the experimental tie-line data was ascertained by using the Othmer and Tobias correlation. The UNIFAC group contribution method was used to predict the observed ternary liquid-liquid equilibrium (LLE) data. It was found that UNIFAC group interaction parameters used for LLE did not provide a good prediction. Distribution coefficients and separation factors were evaluated for the immiscibility region.
INTRODUCTION
Recovery of organic acids from dilute solutions resulting from fermentation processes is important, and many solvents have been tried in attempts to improve recovery (Upchurch and Van Winkle, 1952; Correa et al., 1989; Sayar et al., 1991; Kirk and Othmer, 1992; Dramur and Tatlõ, 1993; Briones et al., 1994; Arce et al., 1995; Fahim et al., 1996; Fahim et al., 1997; Sólimo et al., 1997; Colombo et al., 1999; Aljimaz et al., 2000; Taghikhani et al. 2001) .
A lot of solvents have been examined for extraction of acetic acid. Selected distribution ratios (D 2 ) and selectivities taken from several papers are shown in Table 1 . Because there is little change in the distribution ratio for moderate variations in the acid concentration of dilute solutions, the acetic acid concentrations are not shown in Table 1 .
The real behavior of fluid mixtures can be calculated with the help of activity coefficients or fugacity coefficients. A precise description of the dependence on temperature, pressure and composition in multicomponent systems requires reliable thermodynamic models that allow calculation of these properties from available experimental data.
The UNIFAC method (UNIFAC Functionalgroup Activity Coefficient) was developed by Fredenslund et al. (1975) . It is one of the best methods used in estimating activity coefficients. The UNIFAC method for estimation of activity coefficients works on the concept that a liquid mixture may be considered a solution of structural units from which the molecules are formed, rather than a solution of the molecules themselves. This type of approach is known as the group contribution method. It has the advantage of being able to form a very large number of molecules from a relatively small set of structural units. The structural units in the calculation method are called subgroups (Higashiuchi et al. 1993; Higashiuchi et al. 1997 ).
This study is part of a research program on the recovery of carboxylic acids from dilute aqueous solutions using solvents with high boiling points. In this paper, to be able to evaluate butyl acetate as an agent for the extraction of acetic acid from dilute aqueous solutions, we herein report liquid-liquid equilibrium results at temperatures of 298.15±0.20, 303.15±0.20 and 308.15±0.20 K for the ternary system of water-acetic acid-butyl acetate. Dependence on temperature was studied by evaluating distribution coefficients and separation factors for each case. Boiling point measurements were obtained by using a Fischer boiling point apparatus. The estimated uncertainties in the density and boiling point measurements were ±0.0001 g.cm -3 and 0.1 K, respectively. The measured physical properties are listed in Table 2 , along with some values from the literature (Weast, 1990) .
Procedure
The binodal curve for the water-acetic acid-butyl acetate ternary system was determined by the cloudpoint method.
Binary mixtures of known compositions were shaken in a glass stoppered cell ( Figure 1 ) equipped with a magnetic stirrer and jacketed for circulating water from a constant temperature bath at 298.15±0.20, 303.15±0.20 and 308.15±0.20 K.
The third component was progressively added until the transition point was reached.
The end point was determined by observing the transition from a homogenous to a heterogeneous mixture. The mutual solubilities of the water+butyl acetate system were determined by using the cloud-point method. A weighed amount of one component was placed in the cell; then the other component was added until a permanent heterogeneity could be observed. Ternary mixtures of known overall compositions lying within the twophase region were prepared shaken thoroughly and then allowed to reach equilibrium. Samples were carefully taken from each phase and analyzed to obtain the tie lines. An electronic balance, accurate to ±0.1 mg, was used during the experiments. The solvent was added by means of an automated microburet with an accuracy of 0.005 cm 3 .
Analysis
The liquid samples were analyzed using a gas chromatograph (Hewlett Packard GC, Model 6890 Series), equipped with two detectors, the Thermal Conductivity Detector (TCD) and the Flame Ionization Detector (FID), for the quantitative determination of water, acetic acid and butyl acetate. a 0.5-micrometer film thickness) was used. Chromatographic data were processed with a computerized system. The column temperature program was 45 °C (5 min) to 100 °C at 5 °C/min and to 250 °C at 25 °C/min, the injection mode used a split ratio of 10:1, the detector was a TCD, the injector and detector temperature was 250 °C, the carrier gas was nitrogen at 1 mL/min and the injected volume was 0.5 µL of liquid sample. Usually only the data from TCD were used in data processing, while those from FID were used for confirmation.
RESULTS AND DISCUSSION
The experimental binodal curves and tie-line data on water-acetic acid-butyl acetate ternaries at 298.15±0.20, 303.15±0.20 and 308.15±0.20 K, are given in Tables 3 and 4 , respectively. The binodal curves and tie lines at each temperature are plotted and shown in Figures 2, 3 and 4, respectively. To show the selectivity and strength of the solvent in extracting the acid, distribution coefficients (D i ) for the acetic acid (i=2) and water (i=1) and the separation factor (S) are determined as follows:
The distribution coefficients and separation factor for each temperature are given in Table 5 . The extraction power of the solvent at each temperature, plots of D 2 vs. W 21 and S vs. W 21 , are given in Figure  5 and 6, respectively.
The effectiveness of extraction of acetic acid by butyl acetate is given by its separation factor (S), which is an indication of the ability of butyl acetate to separate acetic acid from water. This quantity is greater than one (separation factors varying between 2.04 and 17.89) for the system reported here, which means that extraction of acetic acid by butyl acetate is possible. It is, however, not constant over the whole two-phase region. 
The reliability of experimentally measured tieline data is determined by making a Othmer and Tobias correlation (Eq. 3) for the ternary system at each temperature. The linearity of the plots in Figures 7-9 indicates the degree of consistency of the related data (Othmer and Tobias, 1942) . The Othmer and Tobias plots are shown in Figures  7-9 and the correlation parameters are given in Table 6 . (Weast, 1990) . b This study. 
Prediction of Equilibria by the UNIFAC Method
The equilibrium data for the ternary mixture were also predicted by the UNIFAC method (Fredenslund et al., 1975 (Fredenslund et al., , 1977 using the parameters obtained by Magnussen et al. (1981) . The values of the UNIFAC parameters for LLE prediction are summarized in Table 7 The root mean square deviations (RMSD) were calculated from the difference between the experimental data and the predictions of the UNIFAC method at each temperature according to the following formula:
where i is water or acetic acid, j is the solvent or aqueous phase and k=1, 2, 3,...n (tie lines). The UNIFAC method was used to correlate the experimental data at each temperature (298.15, 303.15 and 308.15 K) with RMSD values of 0.105, 0.122 and 0.179, respectively.
The distribution coefficients for acetic acid (D 2 ) were calculated according to Eq. 1 at each temperature. The effect of temperature on the distribution coefficient was found to be slightly positive. The experimental and UNIFAC method predictions were fitted according to the following equation:
The experimental points and predicted values (UNIFAC) are shown in Figure 10 . The UNIFAC method predictions were not close to the experimental values. The experimental activation energy (E A ) and the frequency factor (A) were 0.0091 J.mol -1 and 0.9235, respectively. The calculated (UNIFAC) activation energy (E A ) and the frequency factor (A) were 0.0150 J.mol -1 and 0.3619, respectively. Figure 11 . The effect of a temperature change on the selectivity values was found to be insignificant. 
Selectivity

CONCLUSION
LLE data for the water-acetic acid-butyl acetate ternary system were obtained at 298.15, 303.15 and 308.15 K. The equilibrium data of the ternary mixture were also predicted by the UNIFAC method. It was found that UNIFAC with original group interaction parameters developed for LLE did not provide good prediction.
It can be concluded that butyl acetate showing low solubilities in water may be an adequate solvent to extract acetic acid from its dilute aqueous solutions. The complete break in conjugate phases was never hindered by density, viscosity or interfacial tension-related phenomena during the settling process. 
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